ABSTRACT The Asian citrus psyllid, Diaphorina citri Kuwayama (Hemiptera: Psyllidae), is one of the most important pests of citrus (Citrus spp.) because of its status as a vector of Candidatus Liberibacter asiaticus (Las), the bacterium associated with citrus greening disease. The use of insecticides for vector control is the primary method of managing the spread of this pathogen. Imidacloprid is an insecticide commonly applied to the root zone of young citrus trees to provide systemic protection from pests. The effects of imidacloprid on feeding behavior of D. citri have not been studied in much detail. The purpose of this study was to examine the effects of imidacloprid application on feeding behavior of D. citri and to determine whether use of this systemic insecticide could have any effect on pathogen transmission by D. citri. A direct current electrical penetration graph monitor was used to record D. citri feeding behaviors for 12-h periods on mature and young leaves of imidacloprid-treated and -untreated citrus seedlings. Overall, compared with untreated plants, the feeding behavior of D. citri was disrupted on imidacloprid-treated plants via reduction in the number of probes, as well as durations of average probes, initial stylet contact with phloem, phloem salivation, and phloem ingestion. The results of this study demonstrate that soil applications of imidacloprid can reduce the probability of citrus plants becoming inoculated with Las through a reduction in the number and duration of phloem salivation events by D. citri. Furthermore, Las acquisition from infected citrus is greatly reduced as a result of decreased phloem ingestion by D. citri on imidacloprid-treated plants.
The Asian citrus psyllid, Diaphorina citri Kuwayama (Hemiptera: Psyllidae), is a vector of the bacterial pathogen Candidatus Liberibacter asiaticus (Las), the putative causal agent of citrus (Citrus spp.) Huanglongbing (HLB) disease in Florida (Halbert 2005 , Bove 2006 , Gottwald et al. 2007 ). Described as one of the most signiÞcant diseases of citrus worldwide, HLB results in an overall decline in tree health, ultimately leading to a reduction in fruit yield. The disease was Þrst found in South Florida in 2005 in dooryard trees (Halbert 2005) . Since its initial discovery in Florida, the disease subsequently has been found in citrus groves in all of the commercial growing areas of the state.
Currently, the three main components of HLB management programs in Florida include 1) the planting of certiÞed disease-free citrus trees, 2) identiÞcation and removal of Las-infected trees from groves, and 3) effective psyllid control using broad-spectrum insecticide applications (Brlansky and Rogers 2007) . The primary rationale for insecticide use is that by maintaining vector populations at low levels, there will be a subsequent decrease in the spread of the HLBassociated pathogen (Brlansky and Rogers 2007) . In addition to suppressing vector populations, the use of insecticides may reduce pathogen spread via direct mortality of psyllids before successful inoculation of healthy plants with the HLB-associated pathogen.
As citrus growers remove diseased trees, either due to HLB or other endemic diseases that render trees unproductive, they must replant new trees to maintain the long-term economic viability of their grove (Morris and Muraro 2008) . The ability to bring new trees into production where HLB is present is a signiÞcant concern of citrus growers. Compared with larger fruitbearing trees, nonbearing trees produce more new leaf growth (ßush) throughout the year, which is required by D. citri for oviposition and subsequent nymphal development. Thus, young trees are thought to be more attractive to D. citri and at greater risk of becoming infected with the HLB-associated pathogen compared with mature trees that produce fewer ßushes per year (Brlansky and Rogers 2007) . Because nonbearing trees need to be continually protected because of their frequent production of ßush, application of systemic insecticides with extended residual activity is most desirable. Currently, two soil-applied systemic insecticides are commonly used in Florida for D. citri control on nonbearing citrus: imidacloprid (Admire Pro 4.6 F, Bayer CropSciences, Research Triangle Park, NC) and thiamethoxam (Platinum 75SG, Syngenta CropProtection, Inc., Greensboro, NC) (Rogers et al. 2011) . Imidacloprid is presently used most often, because it has been registered for a longer period, and generic formulations are now available, resulting in reduced product costs for growers.
Imidacloprid is a neonicotinoid insecticide that causes insect mortality by contact, ingestion, or both. When applied to the soil surface, imidacloprid is taken up by the plant roots and translocated to citrus leaves as a result of its excellent xylem mobility (Nauen et al. 1999, Sur and Stork 2003) . Thus, the preferred application method is by soil drench, because as citrus plants produce new ßush, imidacloprid present in the plant xylem moves into the new growth, thus providing an extended period of D. citri control. In contrast, foliar applications do not provide the same systemic activity, because of the poor phloem mobility of imidacloprid. Because D. citri ingests primarily from phloem sieve elements (Olson et al. 2004 ) and the HLB-associated pathogen is a phloem-limited bacterium, pathogen acquisition and inoculation probably occur during stylet activities that occur in the phloem. Acquisition must occur primarily during phloem ingestion; inoculation probably occurs during phloem salivation, because Las is circulative in the vectorÕs body and must reenter the plant in saliva (Moll and Martin 1973, Inoue et al. 2009 ). However, imidacloprid is most mobile in the xylem, from which it then moves into other plant tissues. It is presently not known whether acquisition and inoculation of Las by D. citri could occur before imidacloprid exposure, which would subsequently cause cessation of phloem stylet activities. Therefore, a better understanding of the effects of imidacloprid on stylet penetration behaviors of D. citri should help to reÞne vector control strategies.
Electrical penetration graph (EPG) monitors have been used to quantify the stylet penetration behaviors of many sap-sucking insects to unravel the mechanisms underlying pathogen transmission (Powell 1991 , Collar et al. 1997 , Fereres and Collar 2001 , Tjallingii and Prado 2001 . Prado and Tjallingii (1994) , studying Rhopalosiphum padi (L.) transmitting the persistent circulative Barley yellow dwarf virus, associated phloem activities E1 and E2 with salivation and ingestion, respectively; salivation corresponded with virus inoculation and ingestion with virus acquisition.
EPG monitors also have been used to study the effects of insecticide applications on insect feeding behavior. Different species can react differently to the same insecticide. For example, Joost and Riley (2005) observed that western ßower thrips, Frankliniella occidentalis (Pergande), probed plants more frequently and for longer periods on imidacloprid-treated plants compared with untreated plants. Their results suggest an increase in the inoculation of the Tomato spotted wilt virus, a persistent, circulative virus, on imidacloprid-treated plants. In contrast, tobacco thrips, Frankliniella fusca (Hinds), probed less often and for shorter durations per insect when feeding on imidacloprid-treated tomato (Lycopersicon spp.) plants.
The Þrst use of an EPG monitor to study the feeding behavior of a psyllid was performed with the pear psylla, Psylla pyricola Foerster. Ullman and McLean (1988) observed salivation (S) and putative ingestion (I) for both nymphal and adult pear psyllids. Waveforms from the alternating current (AC) monitor used in that study could not distinguish among phloem salivation, phloem ingestion, and xylem ingestion (McLean and Kinsey 1964) . However, histological examination showed that both nymphs and adults penetrate and probably ingest from all types of leaf cells; xylem, phloem, and bundle sheath cells were all found to be preferred sites. More recently, Bonani et al. (2010) used a Giga-8 direct current (DC) system monitor to identify and histologically correlate (deÞne) the D. citri feeding waveforms, based in part on their similarity to the well-known aphid waveforms.
In the current study, we characterized the feeding behaviors of D. citri on citrus plants treated with a soil application of imidacloprid compared with untreated plants. The objective of our study was to determine whether the presence of imidacloprid within a plant disrupts feeding behaviors of D. citri, particularly those hypothesized by Bonani et al. (2010) to be responsible for successful pathogen acquisition and inoculation. The effects of imidacloprid on psyllid feeding were examined on both young ßush and mature leaves. The results of the current study should provide a better understanding of the effect of soilapplied imidacloprid on transmission of Las. EPG Equipment. The EPG system consisted of a Giga-8 DC ampliÞer, (Department of Entomology, Wageningen Agricultural University, The Netherlands, Tjallingii 1978) . The monitor contains eight headstage ampliÞers (sometimes termed probes) with a Þxed input resistance of 10 9 ⍀ and gain of 50 Ð100ϫ. A headstage ampliÞer is connected to the insect and the plant electrode is inserted into the soil surrounding the plant. When the insect feeds, the circuit closes, and waveforms are produced in response to the different processes (biological and physical) inherent to the insect and plant association (Tjallingii 2000 , Walker 2000 . Because the Giga-8 is very sensitive to electrical noise, the headstage ampliÞer and the plantinsect preparations were housed within a Faraday cage (152 by 62 by 122 cm). The Giga-8 was connected to an analog-to-digital converter (DI-710UHB, DATAQ instruments, Akron, OH). All EPG recordings were conducted with 50ϫ gain, a conversion rate of 100 samples per second at 26 Ϯ 2ЊC and the substrate voltage set to 75-mV DC.
Materials and Methods

Plants
EPG Recording. After the 48-h acclimation period, psyllids were collected individually using a wet paint brush and immobilized by holding the tips of the wings with a pair of soft forceps (Bioquip Products Inc. . This length of wire was chosen because it allows psyllids to move freely on the leaf surface when selecting a feeding site, but is less likely to come in contact with the plant surface to cause interference in the EPG signal. The gold wire was attached to a psyllid by creating a small loop on one end of the wire and then dipping the loop in silver glue. The glue-coated loop was then held against the dorsal portion of the insect thorax until dry. Using the silver glue, the other end of the wire was connected to a copper wire (Ϸ0.2 mm in diameter, 3 cm in length) that was soldered to a copper nail electrode inserted into the female BNC connector on the headstage ampliÞer.
After the psyllid was securely attached to the gold wire, the headstage ampliÞer was connected to the input of the ampliÞer control box and the psyllid was placed on the abaxial side of either a mature or young citrus leaf (without starvation), according to the experiment being conducted (see below). The leaf was held with the abaxial side up by placing the inverted leaf on top of another leaf from the same plant and securing the two leaves together using a loop made of Scotch Magic tape (3M Center, Saint Paul, MN).
Citrus plants were connected individually to each monitor channel. The plant electrode (copper wire, Ϸ2 mm in diameter, 10 cm in length) was inserted in the soil at the base of each plant. The soil within each pot was moistened with water before the start of each recording to facilitate a closed electrical circuit. Access time for psyllid feeding on citrus seedlings was 12 h for each recording in both experiments.
Data were collected, stored, and displayed in realtime using WinDAQ Pro software (DATAQ Instruments). The duration of each waveform event was measured postacquisiton using DATAQ Windaq Waveform Browser software, version 2.40 (DATAQ Instruments).
Asian Citrus Psyllid Waveform Terminology. The terminology used for waveforms was based on the conventions of Backus (2000) and the ACP waveform correlations of Bonani et al. (2010) (Fig. 1A) . A probe is the amount of time from when the insectÕs stylets penetrate the leaf until stylet withdrawal from the leaf. A single probe can contain multiple waveform events such as salivation or phloem ingestion (Backus et al. 2007 ). These behaviors are represented by different waveforms deÞned by Bonani et al. (2010) , summarized below.
Waveform C (Fig. 1B ) was histologically associated with stylet pathway activities (salivary sheath secretion through parenchyma cells while searching for vascular cells). Waveform C is complex in appearance and is comprised of all activities that occur during stylet penetration through different leaf tissues. Consequently, it may resemble other types of waveforms. The average frequency of waveform C is 11.5Ð19.0 Hz (Bonani et al. 2010) .
Waveform D (Fig. 1C ) is correlated with salivary sheath termini in phloem tissue (although exactly which of the four phloem cell types is unknown); it seems to represent a transition behavior from pathway to phloem phase. There is no analogous waveform produced by aphids. Consequently, the precise stylet activities by D. citri resulting in this waveform are unknown. However, they occur after waveform C and end before initiation of waveform E1. The average frequency of waveform D is 1.0 Ð3.5 Hz (Bonani et al. 2010) .
Waveform E1 (Fig. 1D ) represents the beginning of phloem phase and starts after a potential drop (pd) marking the end of waveform D. Histological correlation of salivary sheath termini showed E1 to occur in the phloem; however, again, no speciÞc cell type could be identiÞed. E1 is hypothesized to correspond to salivation into phloem sieve elements by D. citri, based on its similarity with the well-correlated E1 waveforms of aphids. E1 is at a negative voltage level, supporting that the stylets tips may be located intracellularly. Therefore, this waveform represents the point in D. citri feeding at which inoculation of the circulative, phloem-limited Las bacteria seems most likely to occur, although some inoculation also may occur during waveform D. The average waveform frequency of E1 is 5.0 Ð7.5 Hz (Bonani et al. 2010) .
Waveform E2 (Fig. 1E ) is also part of phloem phase and always occurs after an E1 waveform event and, like E1, is on the negative voltage level. E2 deÞnitely corresponds to D. citri phloem ingestion, because Bonani et al. (2010) correlated E2 with salivary sheath termini in phloem tissue and Las acquisition after performance of E2 for Ϸ1 h. The average frequency of E2 is 3.0 Ð 8.0 Hz (Bonani et al. 2010) .
Waveform G (Fig. 1F ) is histologically correlated with salivary sheath termini in xylem vessels and has an average frequency of 5.0 Ð7.0 Hz. Based on similarities with waveform G of aphids, psyllid G is hypothesized to represent xylem ingestion. G was per-formed by only 25% of D. citri in 160 h of recordings (Bonani et al. 2010) . These presumed xylem activities were thought to be related to the insectÕs need for maintaining water balance.
Experimental Design. Experiment 1. D. citri feeding behavior on young leaves.
Four weeks before initiation of the experiment, 20 plants were pruned to force production of young leaves. From those 20 plants, 10 plants were randomly chosen and treated with imidacloprid 20 d before the EPG recording. These plants were treated with imidacloprid at a rate of 0.75 ml product (Admire Pro 4.6F) diluted in 250 ml of water applied as a drench to the soil surface of each pot. Control plants were treated with 250 ml of tap water. Only plants that had young leaves were used in this experiment. In total, seven plants containing young leaves were used for each treatment. The feeding behavior of two psyllids was individually recorded on young leaves located on opposite sides of each plant. Because imidacloprid concentration varies among leaves, even within the same plant (Mendel et al. 2000) , each psyllid EPG recording was considered a unique replicate, thus providing 14 replicates per treatment for analysis. Experiment 2. D. citri feeding behavior on mature leaves.
In total, 10 plants were treated with imidacloprid by using the same methods and rates described in the young leaf experiment above. Ten additional plants treated with tap water served as controls. As described in experiment 1, two different psyllids were individually recorded feeding on mature leaves on opposite sides of each plant, providing 20 replicates in total for each treatment.
Statistical Analysis. The numbers and durations of waveforms were compiled and averaged per event, per probe, and per insect to give biologically nonsequential variables, as described by Backus et al. (2007) . Those variables were grouped in the same three different levels: event, probe and insect, respectively. In addition, data also were summed for the entire cohort of insects for each treatment. Variables analyzed at the following levels were cohort level: total number of probes (TNP), total waveform duration (TWD), and total number of waveform events (TNWE); insect level: probing duration per insect (PDI), waveform duration per insect (WDI), and number of probes per insect (NPI); probe level: wave- form duration per probe (WDP), and number of waveform events per probe (NWEP); and event level: number of waveform events per insect (NWEI) and waveform duration per event per insect (WDEI). A variable analyzed that was not included in Backus et al. (2007) was the proportion of individuals that produced the speciÞc waveform type (PPW) (Bonani 2009; Bonani et al. 2010) . For NPI and PDI, waveforms z and np (see description below) were combined as one waveform type because z and np are both nonprobing behaviors (see Þrst section under Results). One biologically sequential variable was also analyzed, i.e., mean duration (from the beginning of recording) to the beginning of the Þrst waveform D (phloem contact) event, per insect, herein termed "time to Þrst D" (T1 st D). Consideration of all the above-mentioned variables provides a more thorough and in-depth analysis than variables at only a single level, e.g., per insect.
The waveform duration data were log-transformed and count data were square root-transformed before statistical analysis, to improve homogeneity and reduce variability. PearsonÕs chi-square test was performed to test the goodness-of-Þt (PROC GLIMMIX, SAS Institute 2001). Data were analyzed by protected analysis of variance (ANOVA) (PROC GLIMMIX, SAS Institute 2001) with the least signiÞcant difference test (LSMEANS, SAS Institute 2001) used for pairwise comparisons, to determine whether the waveform parameters analyzed were signiÞcantly different between the imidacloprid-treated and untreated plants. Means were considered signiÞcantly different at ␣ ϭ 0.05, except in three cases (of 72 test performed) in which ␣ ϭ 0.06.
Results
New Waveform Characterization and Correlations.
Waveform np ( Fig. 2A) is a baseline waveform that is highly irregular and spikey. It was visually correlated in every recording with the insect moving on the plant. Further correlation research has been performed and is described in detail by Youn et al. (2011) .
Waveform z (Fig. 2B ) is similar to baseline with low voltage levels, named z by Backus et al. (2007) . This waveform represents a nonprobing behavior, visually correlated herein with times when D. citri are motionless, either resting, dead or have moved off the plant. Thus, unlike most EPG studies, D. citri recordings reveal two types of nonprobing behavior. Further correlation of these waveforms are described in Youn et al. (2011) . Experiment 1. D. citri Feeding Behavior on Young Leaves. Summary of Results. Compared with psyllids on young leaves of untreated plants, psyllids on young leaves of imidacloprid-treated plants were motionless for longer periods, often dying. Survivors made fewer probes, and when they probed, they searched less often for phloem sieve elements (i.e., performed pathway activities), for shorter periods. They usually terminated their probes before reaching phloem. On the occasions when insects on imidacloprid-treated plants found phloem (once each, 6/14 insects), they required less time to do so than on untreated plants, probably because they chose not to ingest from xylem on the way to phloem. On untreated plants, insects made many more probes that included xylem ingestion before phloem contact. Once surviving psyllids reached phloem, they each salivated into and ultimately ingested sap fewer times (only one event each), but for the same duration per event as did insects on an untreated plant. The probabilities of psyllids on imidacloprid-treated young leaves performing behaviors thought to be critical for Las acquisition or inoculation were reduced (compared with feeding on untreated plants) to the following extents: 70% less likely to contact phloem, 84% less to salivate into phloem and 86% less to ingest from phloem. The following in-depth analysis supports these Þndings.
Cohort Level. Data analysis emphasizes statistically or biologically signiÞcant Þndings; other, statistically nonsigniÞcant Þndings are described in Serikawa (2011) . All tested D. citri (PPW of 100%) initiated stylet penetration and performed pathway activities (waveform C) ( etrated the phloem (waveform D) and salivated into the phloem (waveform E1), whereas only 35.7% of the psyllids (half the number on untreated plants) ultimately ingested phloem sap (waveform E2) ( Table 1) .
Psyllids on untreated plants spent most (63.3%) of their access time in stylet penetration, producing 390 probes. In contrast, psyllids on imidacloprid-treated plants made a total of only 100 probes (TNP), and did not probe for the majority (80.1%) of the plant access period. Instead, most of their time was spent walking (np) attempting to jump off the plant, or motionless because they were dying or had died from exposure to imidacloprid (z) (Fig. 3) . To better understand what occurred during the few probes they made, we will Þrst examine the stylet penetration behaviors of an average insect and then dissect an average probe and the waveform events that occurred during that probe.
Insect Level. The 10 insects that reached the phloem on untreated plants required an average of 18,234 s to do so (i.e., time from the start of recording to Þrst phloem penetration [D] ; T1 st D). In contrast, the Þve insects on treated plants that reached phloem required a signiÞcantly (F ϭ 4.60; df ϭ 1, 14; P ϭ 0.0414) shorter time, on average, only 7,842 s. This agrees with the signiÞcantly shorter time spent in stylet penetration for an average insect (PDI) on a treated plant than on an untreated plant (Table 2) . What were these insects doing differently during their probing time before phloem contact?
The sum of all events of each waveform type, averaged per insect, is waveform duration per insect (WDI). Nearly all waveform durations per insect were signiÞcantly different. Before probing, WDIs for moving (np) were signiÞcantly shorter, whereas those for motionless on the plant (z) were signiÞcantly longer per insect, on treated versus untreated plants. Once probing commenced, both pathway (C) and xylem ingestion (G) durations per insect were signiÞcantly shorter (Table 1) . We observed that xylem ingestion on untreated plants often was performed before phloem contact; yet this behavior was virtually absent on treated plants. Phloem salivation (E1) was seventeen times (signiÞcantly, Table 1 ) shorter (per insect), whereas phloem ingestion (E2) was about half as long (but not signiÞcantly different) on treated as untreated plants (Table 1) . To understand these perinsect durations better, it is necessary to understand how durations and numbers of waveform events interact with one another within probes.
Probe and Event Levels. The mean numbers (NWEI; data below) and durations (WDEI ; Table 3 ) of waveform events were signiÞcantly different for an average insect on imidacloprid-treated versus untreated plants. Before stylet penetration began, nonprobing/motionless (z) events were no more frequent, but were signiÞcantly longer, on treated versus untreated plants (Table 3) . Conversely, signiÞcantly (F ϭ 19.19; df ϭ 1, 26; P ϭ 0.0002) fewer (but not different in duration) events of nonprobing/walking (np) were performed on treated (8.21 Ϯ 1.25) than on untreated plants (21.43 Ϯ 2.75).
Once stylet penetration commenced, the number of probes made by individual psyllids (NPi) varied by treatment. A range of 3Ð17 probes were performed on imidacloprid-treated plants, whereas 3Ð 45 probes were made on untreated plants. The mean number of probes per insect (NPI) was signiÞcantly lower (38.1%) for psyllids on treated plants compared with untreated plants (Table 2) . Pathway (C) events for an average insect were both signiÞcantly shorter in duration (Table 3) Once the insects reached phloem, there were no signiÞcant differences in event durations nor number of events performed by an insect (WDEI [Table 3 ] and NWEI [data below], respectively), for phloem contact (D), salivation (E1), or ingestion (E2) on the two plant treatments (Serikawa 2011) . However, nu- merically, there were great decreases in event durations for E1 and E2 on treated plants. Together, frequencies and durations of events and of probes can all combine to explain the decrease in overall E1 and E2 duration (WDI) per insect (described above), in two ways. First, fewer E1 and E2 events were performed per probe. Less than half as many phloem salivation (E1) and ingestion (E2) events per probe (NWEP) were performed on treated plants (2.40 Ϯ 0.54 and 1.00 Ϯ 00, respectively) versus untreated plants (5.50 Ϯ 0.61 and 2.10 Ϯ 0.33, respectively). In the case of E1 events per probe, the difference between treatments was significant (F ϭ 7.90; df ϭ 1, 36; P ϭ 0.0080), because there was an adequate samples size of probes (38). However, numbers of E2 events per probe (NWEP) were not signiÞcantly different between treatments, perhaps due to lower sample size of probes (25). This leads to the second reason for low E1 and E2 durations per insect. Fewer successful probes into phloem were made on treated plants. The number of probes in which E1 (phloem salivation) occurred (NPw) was an adequate sample size on untreated plants, i.e., 28, but was only 10 probes on treated plants. Phloem ingestion (E2) occurred in only Þve probes (one probe for each of only Þve insects) on treated plants, versus 20 probes on untreated plants. The resulting large decreases in TNWE (N in Table 3 ) for insects on treated plants identiÞes greatly decreased probabilities of occurrence for behaviors most likely associated with Las acquisition (E2) or inoculation (D and E1). The single event of xylem ingestion performed on a treated plant was 15ϫ shorter (signiÞcantly) than the mean duration of the fourteen xylem ingestion events performed on untreated plants (Table 3) . Experiment 2. D. citri Feeding Behavior on Mature Leaves. Summary of Results. The trends for D. citri stylet penetration behaviors on mature leaves of untreated and imidacloprid-treated plants were very similar to those on young leaves, except that for both treatments, mature leaves were less acceptable for phloem-associated behaviors than young leaves. Thus, changes in behavior caused by imidacloprid treatment were more accentuated on mature leaves than young leaves. Compared with young leaves, all insects on mature leaves stood motionless for much longer, and performed stylet penetration less often, for shorter durations per insect and per probe. Most importantly for Las transmission, only a single insect salivated and ingested a single time from phloem, and it did so for much less time than insects on untreated plants. Salivation lasted under a minute and ingestion was terminated in just over a minute. Consequently, the critical Las acquisition and inoculation behaviors were even further reduced on mature leaves compared with young leaves. Probability of occurrence on treated plants, compared with untreated controls: for inoculation: 83% less likely to contact phloem, 90% less to salivate into phloem; for acquisition: 92% less to ingest from phloem. The following in-depth analysis supports these Þndings.
Cohort Level. In most ways, psyllids fed on imidacloprid-treated versus untreated mature leaves in ways similar to young leaves. However, overall feeding was reduced in both cases, compared with young leaves. For example, although all D. citri (PPW of 100%) initiated stylet penetration on untreated control plants, only 40% reached the phloem and salivated (D and E1, respectively), and only 25% ingested phloem sap (E2) ( Table 1 ). In contrast, on imidacloprid-treated plants, although 95% of D. citri initiated stylet penetration, only 25% reached the phloem (D), 20% performed phloem salivation (E1), and only a scant 5% (one insect) ingested phloem sap (E2) (42% lower than on young leaves) ( Table 1) .
D. citri on mature leaves of untreated plants spent 43% of their total access period in stylet penetration (20% less than on young leaves), producing 268 probes (TNP) (31% fewer than on young leaves). In contrast, insects on the imidacloprid-treated mature leaves made about the same number of probes as on young leaves, but spent Ͻ5% of total access time probing (as opposed to nearly 20% on young leaves; Fig. 3) .
Insect Level. Forty percent (8/20) of psyllids reached phloem on mature untreated plants (as opposed to 71.4% on young leaves), and they required an average of 15,729 s to do so (T1 st D). However once again, the Þve psyllids that reached phloem on mature leaves of imidacloprid-treated plants required much less time than insects on untreated plants, only 7,606 (although this difference was not signiÞcant because of low sample size). Although the pattern of rapid success in locating phloem by a few insects is similar on mature versus young leaves, overall, fewer insects reached phloem on mature leaves, regardless of treatment. Overall duration of probing (PDI) on treated plants was Ͼ70% shorter on mature leaves than young leaves, whereas on untreated plants, PDI was only 33% lower on mature versus young leaves. PDI was significantly shorter for psyllids on mature leaves for treated versus untreated plants (Table 2) .
On untreated control plants, standing motionless occupied 38.5% of the nonprobing time per insect (WDI) on mature leaves, whereas only 29.2% of nonprobing on young leaves. Most waveform durations per insect (WDI) during stylet penetration were signiÞcantly different between treated and untreated plants on mature leaves, in a pattern very similar to young leaves, this time including phloem contact (D) ( Table 1) . However, numerically, phloem ingestion on treated mature leaves was more severely reduced compared with treated young leaves. Only one insect (5%) ingested from phloem on treated mature leaves, for a mere 76.18 s. On untreated mature leaves, Þve insects ingested from phloem, for an average duration nearly 100ϫ longer.
Probe and Event Levels. The mean numbers (NWEI [data below]) and durations (WDEI [Table 3 ]) of waveform events were again signiÞcantly different between treated and untreated plants, but the patterns of signiÞcance among waveforms differed from young leaves. For example, opposite to young leaves, the number of (NWEI) walking events (np) occurred signiÞcantly less often (F ϭ 12.40; df ϭ 1, 38; P ϭ 0.0011) on untreated as treated plants before (Table 3) . Once stylet penetration began, the number of probes performed by insect (NPi) varied less among D. citri on mature leaves than on young leaves. This time, psyllids on imidacloprid-treated plants made 1Ð15 probes, whereas insects on untreated plants performed 2Ð28 probes. The mean number of probes per insect (NPI) was signiÞcantly much lower (58.7%) on treated plants versus untreated plants ( Table 2 ). As on young leaves, pathway (C) event durations (WDEI) on mature leaves were signiÞcantly shorter (Table 3) and fewer in number (NWEI) (F ϭ 19.91, df ϭ 1, 37; P Ͻ 0.0001) on treated plants (5.57 Ϯ 0.99 events) versus untreated plants (16.9 Ϯ 2.29 events). Again, shorter, fewer event durations for pathway added up to signiÞcantly (F ϭ 19.56, df ϭ 1, 366; P Ͻ 0.0001) shorter waveform durations per probe (WDP) on treated leaves (418.75 Ϯ 67.57) compared with untreated (987.84 Ϯ 125.49), but even shorter than on young leaves. Numerically, the pathway duration per probe on treated mature leaves was half that on treated young leaves.
As on young leaves, for the few psyllids that reached phloem on mature leaves, there were no signiÞcant differences in mean durations (WDEI; Table 3 ) nor number of events (NWEI; data below) on treated versus untreated plants, for all phloem waveforms except durations of phloem contacts (D); unlike on young leaves, these events were signiÞcantly (F ϭ 5.90; df ϭ 1, 11; P ϭ 0.0335) shorter on treated compared with untreated plants. Both phloem salivation (E1) and ingestion (E2) were performed one third (treated plants) to one half (untreated plants) as often on mature leaves as young leaves (Serikawa 2011) . The lack of signiÞcance in event durations was probably due to small sample sizes, because there was a severe reduction in number of waveform events per probe (NWEP), compared with young leaves. Mature leaves on treated plants received one third as many phloem salivation (E1) and ingestion (E2) events per probe (1.50 Ϯ 0.29 E1 events in four probes, and only one E2 event) as did mature leaves on untreated plants (3.75 Ϯ 0.99 E1 events in 16 probes, and 1.63 Ϯ 0.32 E2 events in eight probes). Thus, only a single phloem salivation/ingestion event, from a single insect, was performed on a mature leaf on a treated plant (Table  1) and that single event lasted only 76.2 s. Imidacloprid treatment caused TNWE (N in Table 3 ) to decrease even more on mature leaves than on young leaves, compared with untreated plants, thus making probabilities of Las acquisition or inoculation extremely low.
Finally, the mean duration of the 32 xylem ingestion events (2.21 Ϯ 0.43 per insect) performed on untreated plants was Ͼ40ϫ (Table 1) longer (signiÞ-cantly) than the single xylem ingestion event performed on a mature treated leaf (N in Table 3 ).
Discussion
The objective of the current study was to examine the effects of soil-applied systemic applications of imidacloprid on the feeding behavior of D. citri to quantify effects of this pesticide on the behaviors that mediate transmission of Las. Overall, the general feeding behaviors of D. citri were disrupted on imidacloprid-treated plants as demonstrated by an increased duration and frequency of standing motionless, decreased walking and searching for probing sites, and reduced frequencies and durations of probing behaviors. Similar results were observed for F. fusca on imidacloprid-treated pepper (Capsicum annuum), mustard (Brassica rapa L.) (Groves et al. 2001) , and tomato (Lycopersicon spp.) (Joost and Riley 2005) .
Although all D. citri tested on imidacloprid-treated plants died during the course of the 12-h EPG recording because of intoxication, D. citri on treated young leaves died sooner, on average (4 h), than on old leaves. Consequently, psyllids had an average feeding access period of 4 h before succumbing to the pesticide treatment. In this access period, a considerable percentage of the D. citri were able to reach the phloem (waveforms D, E1, and E2).
Because the associated pathogen Las is a phloemlimited bacterium (Bove 2006) , it is likely that pathogen acquisition and inoculation require phloem ingestion (waveform E1) and salivation (E2), respectively. Bonani et al. (2010) , examining adult D. citri feeding on HLB-infected citrus plants, observed that detectable Las acquisition occurred after 1 h of E2. In absence of further study, we assume therefore that 1 h of E2 represents a threshold of phloem ingestion duration for Las acquisition. In our study, D. citri feeding on young leaves of both imidacloprid-treated and untreated plants made exactly two E2 events that were longer than 1 h. Thus, even though there was an 86% reduction in the number of E2 events on treated plants compared with controls, adults on young leaves had the same probability of acquiring Las, with or without insecticide treatment. In contrast, imidacloprid treatment of mature leaves completely eliminated Las acquisition behavior, because the one phloem ingestion event that occurred was only 76 s. Nonetheless, those few adults that acquired Las on treated plants ultimately would not be able to inoculate, because of the pathogen latency period in the psyllid. Studies suggest a latency period of 24 h to 25 d (Xu et al. 1988 , Roistacher 1991 . Thus, as our results show, psyllids would be dead before they were able to inoculate any acquired Las. In addition, D. citri are poor vectors of Las when they acquire the bacteria as adults (PelzStelinski et al. 2010) . Finally, the probability of Las inoculation was greatly decreased by imidacloprid treatment, because both numbers and durations of phloem salivation (E1) events were reduced on treated plants. Although not signiÞcantly different because of small sample size, we suggest that these changes in phloem salivation could be biologically important for Las inoculation on imidacloprid-treated plants.
